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Summary 
Cerebellar neurons, cultured on monolayers of 3T3 fi- 
broblasts or on a polylysine/extracellular matrix- 
coated substratum, responded to a soluble recombi- 
nant L1-Fc chimera by extending longer neurites than 
controls. The response was inhibited by pretreating 
neurons with antibodies to Lf or antibodies to the fi- 
broblast growth factor (FGF) receptor. The response 
could also be inhibited by a range of pharmacological 
reagents that inhibit various steps in the signal trans- 
duction cascade which underlie a neurite outgrowth 
response to basic FGF. The response was of a similar 
magnitude and not additive with that induced by L1 
expressed in a cellular subet rate. These data show that 
L1 in neurons is capable of directing a neurite out- 
growth response to a soluble L1-Fc chimera, and that 
neuronal FGF receptor function is required for this re- 
sponse. The data also show that the ability of cell adhe- 
sion molecules (CAMs) to stimulate neurite outgrowth 
can be dissociated from their ability to function as sub- 
strate-associated adhesion molecules and point to the 
potential of using CAM-Fc chimeras to promote nerve 
regeneration. 
Introduction 
Cell adhesion molecules (CAMs) are thought to play an 
important role in the development and maintenance of the 
nervous system by both promoting morphological plastic- 
ity (reviewed in Goodman and Shatz, 1993) and main- 
taining stable contacts between cells, such as synaptic 
junctions (e.g., Mayford et al., 1992; Bailey et al., 1992). In 
the adult brain, dynamic changes between these functions 
may be important for morphological changes associated 
with learning and memory. It is also possible that an imbal- 
ance in favor of stability may contribute to the poor regen- 
erative capacity of the adult central nervous system. The 
L1 glycoprotein is a CAM expressed by a wide range of 
mammalian neurons, and the homophilic binding of L1 in 
neuronal growth cones to L1 expressed on the surface of 
other cells can promote axonal growth (Seilheimer and 
Schachner, 1988; Neugebauer et al., 1988). Structurally 
related molecules have been identified in the chick (e.g., 
Ng-CAM, Nr-CAM/Bravo; for reviews, see Rathjen and 
Jessell, 1991 ; Grumet et al., 1991) and in Drosophila (neu- 
roglian; for details, see Bieber et al., 1989). The hetero- 
philic binding of neuronal L1 to substrate-associated 
TAG-1 (Felsenfeld et al., 1994) or its chick homolog, axo- 
nin-1 (Kuhn et al., 1991), also stimulates neurite out- 
growth, although the converse is not true. In addition to 
the above trans interactions, L1 can also bind to N-CAM 
in cis (i.e., in the same membrane), and this may serve 
to stabilize the trans-homophilic interactions mediated by 
L1 and/or N-CAM (Kadmon et al., 1990). Ng-CAM (which 
is probably the chick homolog of L1 ; see Sonderegger and 
Rathjen, 1992) can also bind to laminin, but not collagen 
or fibronectin (Grumet et al., 1993a), and to brain proteo- 
glycans called neurocan and phosphacan (Grumet et al., 
1993b; Maurel et al., 1994). The functional consequences 
of these latter interactions, particularly in terms of axonal 
growth, are not clear. 
The mechanisms that determine whether a CAM will 
stabilize a synaptic structure rather than promote sprout- 
ing and growth are also not clear. In the case of N-CAM, 
alternative splicing (use of the VASE exon) and posttrans- 
lational processing (loss of polysialic acid) can change 
function from a molecule that will promote neurite growth 
to one that will not (reviewed in Doherty and Walsh, 1994; 
Saffell et al., 1994). For N-CAM and L1, it might also be 
that the relative degree of adhesion determines function, 
with a limited amount being a positive cue for axonal 
growth, whereas too much might actually inhibit axonal 
growth. However, there is no obvious correlation between 
adhesive strength and axonal growth (e.g., Lemmon et 
al., 1992), and to our knowledge no demonstration that 
high levels of N-CAM, L1, or any other CAM can inhibit 
axonal growth. An alternative postulate would be that the 
abilities of CAMs to support adhesion and neurite out- 
growth are not directly related and might be under the 
control of independent mechanisms (e.g., alternative 
splicing and differential posttranslational processing). The 
question as to whether the neurite outgrowth-promoting 
activity of L1, or other CAMs, is related to their ability to 
function as substrate-associated adhesion molecules is 
therefore fundamental to the understanding of how these 
molecules contribute to the development and mainte- 
nance of the nervous system. 
When CAMs are studied as purified molecules coated 
to an otherwise inert substrate, their adhesive function is 
required for cell attachment, and in some circumstances, 
this might be all that is required for a permissive neurite 
outgrowth response (e.g., Lemmon et al., 1992). However, 
when neurons encounter L1 in cells, other interactions 
can provide for the adhesion required for cell attachment 
and basal neurite outgrowth. Under these more physiologi- 
cal circumstances, L1 and other CAMs may function in a 
genuinely instructive manner by activating signal trans- 
duction cascades that lead directly to a neurite growth 
response (reviewed in Doherty and Walsh, 1992, 1994; 
see Williams et al., 1994a, 1994b, 1994c, 1994d). Soluble 
chimeric molecules consisting of the extracellular domain 
of an adhesion molecule fused to an immunoglobulin con- 
stant domain have been established as powerful research 
tools in immunology (reviews in Hollenbaugh et ai., 1992; 
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Figure 1. Morphology ofCerebellar Neurons in Control Cultures and Cultures Treated with an L1-Fc Chimera 
Cerebellar neurons were cultured for 16 hr on confluent monolayers of 31-3 fibroblasts in control media or media containing the L1-Fc chimera 
at 5 ~g/ml before being fixed and stained for GAP-43 immunoreactivity. The top two rows show examples of neurons grown in media containing 
the L1-Fc chimera; the bottom row shows control neurons. Bar, 50 p.m. 
Edwards and Aruffo, 1993). In the present study, we show 
that a soluble L1-Fc chimera is as effective as cell- 
associated L1 at stimulating neurite outgrowth from pri- 
mary neurons. This response was apparent on both cellu- 
lar and noncellular substrates and was dependent on L1 
in the neurons, as it could be blocked by pretreatment of 
neurons with anti-L1 antibodies. The response was also 
associated with an activation of fibroblast growth factor 
(FGF) receptors in neurons and could be blocked by anti- 
bodies directed against the FGF receptor. Activation of 
FGF receptors with basic FGF induces a similar response 
that can be inhibited by the erbstatin analog tyrosine ki- 
nase inhibitor, by a diacylglycerol (DAG) lipase inhibitor, 
or by agents that block or negate the effects of cal- 
cium influx into neurons through N- and L-type calcium 
channels (Williams et al., 1994c). All of these agents in- 
hibit neurite outgrowth induced by cell-associated CAMs 
(N-CAM, N-cadherin, and L1; reviewed in Doherty and 
Walsh, 1994), and all blocked the response to the soluble 
L1-Fc chimera. Overall, these data suggest that the bind- 
ing of the L1,Fc chimera to L1 on neurons can promote 
neurite outgrowth by directly or indirectly activating eu- 
ronal FGF receptors and show that this activity can be 
dissociated from the ability of L1 to function as a substrate- 
associated adhesion molecule. These data also show that 
L1 in neurons is capable of directing a response to soluble 
CAMs, and in this context, at some stages of development 
the TAG-1/axonin-1 glycoprotein and L1 exist as soluble 
molecules (Ruegg et al., 1989; Furley et al., 1990; Swead- 
ner, 1983). Finally, the results point to the potential of using 
CAM-Fc chimeras to promote nerve regeneration follow- 
ing injury. 
Results 
An L1-Fc Chimera Stimulates Neurite Outgrowth 
from Cerebellar Granule Cells 
The effects of an L1-Fc chimera on neurite outgrowth from 
postnatal day 4 cerebellar granule cells were initially deter- 
mined for neurons cultured at low density over confluent 
monolayers of 3T3 fibroblasts. This was because cerebel- 
lar granule cells survive better on 3T3 monolayers as com- 
pared with noncellular substrates, with greater than 80% 
extending a primary neurite over a 16 hr culture period 
(Williams et al., 1994c). These studies also allow for a 
direct comparison between the neurite outgrowth-promot- 
ing activity of the L I 'Fc  chimera and the transfected L1 
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Figure 2. TheL1-FcChimeraStimulatesNeuriteOutgrowthfromCer- 
ebellar Neurons Cultured on 3T3 Monolayers 
Cerebellar neurons were cultured for 16 hr on confluent monolayers 
of 3T3 fibroblasts in control media or media supplemented with the 
L1-Fc chimera or the M-cadherin-Fc chimera as indicated. After 16 
hr the cultures were fixed and immunostained for GAP-43. The length 
of the longest neurite on each neuron was measured, and the results 
show the percentage increase in the mean neurite length over the  
control value (38.9 _ 3.2 p_m). Each value is the mean _ SEM deter- 
mined from measurements made on 150-200 neurons. 
expressed on the surface of 3T3 fibroblasts (see Williams 
et al., 1992). 
Cerebellar granule cells were cultured for 16 hr in the 
presence of the L1-Fc chimera before being fixed and 
stained for growth-associated protein-43 (GAP-43). The 
mean length of the longest neurite per cell was then deter- 
mined, with all neurons being included in the analysis. 
Representative xamples of GAP-43-stained neurons in 
control cultures and cultures treated with the L1-Fc chi- 
mera (5 p,g/ml) are shown in Figure 1. Figure 2 shows a 
dose-response curve for the effects of the L1-Fc chimera 
on neurite outgrowth. The L1-Fc chimera stimulated neu- 
rite outgrowth with a half-maximal response apparent at 
1 ~g/ml and a maximal response at - 5 p~g/ml. In contrast, 
an Fc chimera containing the extracellular domain of mus- 
cle (M)-cadherin had no effect on neurite outgrowth (Figu re 
2). Results pooled from a total of six independent experi- 
ments showed an approximate 2-fold increase in the mean 
neurite length for neurons cultured in the presence of the 
L1-Fc chimera at 5 p,g/ml (Figure 3). As an additional con- 
trol, an Fc chimera that contains the three immunoglobulin 
domains which constitute the extracellular domain of the 
FGF receptor had no effect on neurite outgrowth (Figure 3). 
As an additional index of the neurite outgrowth-promot- 
ing activity of the L1-Fc chimera, we measured the per- 
centage of neurons with a neurite greater than 40 I~m in 
length. This increased from 25.7% _+ 1.2% to 58.9% - 
1.2% in the L1-Fc-treated cultures (mean _+ SEM, pooled 
from nine independent experiments). In contrast, the L1- 
Fc chimera had no effect on the number of surviving neu- 
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Figure 3. Neurons Respond to an L1-Fc Chimera but Not Other Fc 
Chimeras 
The effects of the L1-Fc chimera, the M-cadherin-Fc chimera, and 
an FGFR1-Fc chimera (all at 5 p.g/ml) on neurite outgrowth from cere- 
bellar neurons cultured on 3T3 monolayers were determined as in 
Figure 2. The results show the percentage increase in the mean neurite 
length stimulated by the chimeras pooled from the given number of 
independent experiments. Mean neurite length measured in control 
cultures was 32.5 _ 1.6 p,m (mean _ SEM pooled from independent 
experiments). 
rons or on the mean number of neurites per cell (data not 
shown). 
The neurite outgrowth-promoting activity of L1 has been 
demonstrated previously using purified L1 coated to a tis- 
sue culture substrate (Lemmon et al., 1989), or by compar- 
ing the growth of neurites over control 3T3 fibroblasts and 
genetically modified fibroblasts that express physiological 
levels of L1 (Williams et al., 1992, 1994a, 1994d). Cell- 
associated L1 stimulates neurite outgrowth from cerebel- 
lar neurons, with the mean length of the longest neurite 
on Ll-expressing 3T3 cells being approximately twice as 
great as that on control 3T3 cells (Williams et al., 1992, 
1994d). In the present study, we failed to detect any effect 
of the L1-Fc chimera on neurite outgrowth over Ll-ex- 
pressing 3T3 cells (data not shown), suggesting that cell- 
associated and soluble L1 do not have additive effects on 
neurite outgrowth. 
To confirm that the L1-Fc chimera acted directly on the 
neurons, rather than indirectly via changes in the mono- 
layer cells, we repeated the experiments with neurons 
cultured on polylysinelcollagen- and polylysine/fibronec- 
tin-coated substrates. Both molecules promote neurite 
outgrowth above a relatively small basal value found on 
polylysine alone (data not shown). Results from a repre- 
sentative experiment are shown in Figure 4. The L1-Fc 
chimera (5 p.g/ml) significantly increased neurite out- 
growth from neurons cultured on both substrates. These 
results clearly establish that the L1-Fc chimera does not 
promote neurite outgrowth by acting on 3T3 cells. 
Comparison of the Effects of Substrate-Bound 
and Soluble L1-Fc Chimera 
on Neurite Outgrowth 
Purified L1 can promote neu rite outgrowth as a substrate- 
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Figure 4. The L1-Fc Chimera Stimulates Neurite Outgrowth over a 
Variety of Substrates 
Cerebellar neurons were cultured in control media or media containing 
the L1-Fc chimera (at 5 p.g/ml) on polylysine/fibronectin- or polylysine/ 
collagen-coated substrates. The cultures were fixed after 16 hr and 
stained for GAP-43, after which the mean neurite length was deter- 
mined. The results how absolute values for neurite length, and each 
value was determined by sampling 159-200 neurons in replicate cul- 
tures. Bars show one SEM. 
bound molecule (e.g., Lemmon et al., 1992). In the present 
study, we have taken advantage of the chimeric molecule's 
Fc region to affinity-bind it, in an orientation-specific man- 
ner, to a tissue culture substrate that had previously been 
coated with anti-human Fc immunoglobulins. The binding 
of the chimera to the substrate was monitored by standard 
enzyme-linked immunosorbent assay (ELISA) using the 
Neuro 4 monoclonal antibody that binds to an extracellular 
epitope on L1 (Williams et al., 1992). Under the assay 
conditions, the binding of the L1-Fc chimera was depen- 
dent on the presence of the anti-human Fc immunoglobu- 
lin (Table 1). 
A significant binding was detected with a 5.6 ng/ml solu- 
tion of the chimera, with maximal binding detected at 3.5 
~g/ml (see Table 1). Figure 5 summarizes data from a 
representative experiment on neurite outgrowth from cere- 
bellar neurons cultured on a control substrate and sub- 
strates coated with the L1-Fc chimera. A significant in- 
crease in neurite outgrowth was apparent on substrates 
treated with 35 ng/ml L1-Fc chimera, but not with 7 ng/ml. 
In a total of three independent experiments, mean neurite 
outgrowth on substrates treated with a 7 ng/ml solution 
of the L1-Fc chimera (12.9 _ 0.8 ~m) did not significantly 
differ from that on the control substrate (13.8 -4- 0.6 ~m, 
mean _+ SEM; n = 3). This therefore defines a relative 
level of binding that is not able to stimulate neurite out- 
growth. The L1-Fc chimera promoted neurite outgrowth 
from neurons cultured on the collagen- or fibronectin- 
coated substrates (see above and Figure 4), and the possi- 
bility that this is a consequence of stable association of 
the chimera with the substrate has been considered. Un- 
Table 1. The Binding of the L1-Fc Chimera to Various Substrates 
L1-Fc Chimera 
Substrate (ng/ml) Relative Binding 
Anti-human Fc 3500 100 _ 1.28 
700 83 ± 1.73 
140 44.7 ± 0.60 
48 17.0 _+ 0.17 
5.6 4.6 ± 0.12 
Fibronectin 5000 1.1 - 0.07 
Collagen 5000 1.1 ± 0.15 
Individual wells of 96-well microtitre plates were coated with polylysine, 
follwed by goat anti-human IgG (Fc-specific) or fibronectin/collagen 
as indicated (see Experimental Procedures for details). The binding 
of the L1-Fc chimera (total volume of 50 ~1 in DMEM/SATO plus 2% 
fetal calf serum) at the given concentration was determined as de- 
scribed in Experimental Procedures. Each value is the mean (_ SEM) 
of four determinations, and all values are normalized to the maximum 
value obtained for binding of 3.5 ~.g/ml L1-Fc chimera to wells coated 
with anti-human IgG (this absolute value being 1.326 optical density 
units). A number of other experiments have established that the L1- 
Fc chimera showed saturable binding to the anti-human IgG at 1-2 
p.g/ml, and that binding was reduced by greater than 95% when the 
anti-human IgG was omitted from the coating. 
der the assay conditions employed for neurite outgrowth, 
treatment of the collagen- and fibronectin-coated sub- 
strates with 5 ~g/ml L1-Fc chimera resulted in barely de- 
tectable levels of binding (Table 1). In fact, the absolute 
amount bound was less than 25% of the binding found 
following affinity adsorption from a 5.6 ng/ml solution of 
the chimera (see Table 1 ). This is substantially below 
the level required to elicit a substrate-dependent eurite 
outgrowth response. Likewise, using the same ELISA 
assay, we could not detect any significant difference in 
the binding of the Neuro 4 antibody to control 3T3 cells 
and 3T3 cells incubated with 10 i~g/ml L1-Fc chimera (data 
not shown). These data confirm that substrate-associated 
L1 can promote neurite outgrowth, but also demonstrate 
that the results documented in Figures 1-4 cannot be ac- 
counted for by the binding of the L1-Fc chimera to the 
substrate. 
Pretreatment of Neurons with Antibodies to L1, 
but Not N-CAM, Inhibits the Neurite 
Outgrowth Response 
Neurite outgrowth stimulated by purified L1 coated to a 
tissue culture substrate or by human L1 expressed on the 
surface of 3T3 cells can be inhibited by species-specific 
antibodies that bind only to L1 in the responsive neurons 
(Lemmon et al., 1989; Williams et al., 1992). 
In the present study, we pretreated neurons (for 60 rain) 
with an antibody that binds to rat L1, but not human L1 
(Williams et al., 1992), prior to culture in the presence and 
absence of the L1-Fc chimera. Results pooled from three 
independent experiments howed that pretreatment with 
the L1 antibody had no effect on basal neurite outgrowth 
over 3T3 monolayers but completely inhibited the re- 
sponse to the L1-Fc chimera (Figure 6a). As a control, 
pretreatment with an antibody to N-CAM had no effect on 
the neurons' ability to respond to the L1-Fc chimera (Fig- 
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Figure 5. The Effects of Substrate-Associated L1-Fc Chimera on 
Neurite Outgrowth 
Cerebellar neurons were cultured on substrates affinity-coated with 
the L1-Fc chimera (see Experimental Procedures for details). The 
cultures were fixed after 16 hr and stained for GAP-43, after which 
the mean neurite length was determined. The results show absolute 
values for neurite length against the concentration of the L1-Fc chi- 
mera used in the coating step. Each value was determined by sampling 
250-330 neurons in replicate cultures. Bars show one SEM. 
ure 6b). We can conclude that L1 function in neurons is 
required for responsiveness to the L1-Fc chimera, and 
the most parsimonious explanation for this finding is that 
a homophil ic interaction also directs neuronal respon- 
siveness to the chimeric CAM when it is acting as a soluble 
molecule. 
FGF Receptor Function in Neurons Is Required for 
the Response to the L1-Fc Chimera 
Results from a number of studies have led us to conclude 
that neurite outgrowth stimulated by transfected L1, N-CAM, 
and N-cadherin expressed in 3T3 cells reflects the ability 
of these CAMs to activate a second messenger pathway 
in neurons, rather than their ability to modulate adhesion 
per se (reviewed in Doherty and Walsh, 1994). The neurite 
outgrowth response to each CAM can be accounted for 
by either a direct or indirect activation of neuronal FGF 
receptors (Williams et al., 1994d). In the present study, 
we have found that pretreatment of neurons with an affin- 
ity-purified ant ibody that reacts exclusively with FGF re- 
ceptors (Williams et al., 1994d) can completely inhibit neu- 
rite outgrowth stimulated by the soluble L1-Fc chimera 
(Figure 6c). 
Neurite outgrowth stimulated by activation of the FGF 
receptor can be inhibited at a number of different steps 
in a sequential second messenger pathway. The erbstatin 
analog tyrosine kinase inhibitor inhibits the catalytic ac- 
tivity of the FGF receptor (Williams et al., 1994c). At 10 
t~g/ml, this drug also inhibits the response to the soluble 
L1-Fc chimera without affecting basal neurite outgrowth 
over 3T3 monolayers (Figure 6d). The neurite outgrowth 
response to basic FGF and transfected CAMs can be mim- 
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Figure 6. The Effects of a Variety of Agents on the Neurite Outgrowth 
Response Stimulated by the L1-Fc Chimera 
A variety of agents or treatments were tested for their ability to inhibit 
the response to the L1-Fc chimera, which was determined as de- 
scribed in Figure 2. In one Set of experiments, neurons were pretreated 
with rabbit antibodies that bind to L1 (a), N-CAM (b), or the FGF recep- 
tor (c) for 60 min before being cultured for 16 hr in control media or 
media containing the L1-Fc chimera. In the other experiments, the 
culture media was supplemented with the erbstatin analog at 10 pg/ 
ml (d), with RHC-80267 at 50 p,M (e), or with a combination of diltiazem 
(10 p.M) and (o-conotoxin (0.25 IIM) (f). In these experiments, the drugs 
were added 60 rain after the neurons and maintained throughout he 
subsequent period of culture. Pretreatment with the antibodies or the 
presence of drugs had no significant effect on neurite outgrowth in 
the control cultures (data not shown; for details, see Williams et al., 
1994c, 1994d). The results show the percentage inhibition of the L1 
response (the response in control media is shown in Figure 2), and 
each value is the mean _ SEM pooled from three independent experi- 
ments. 
icked by direct application of arachidonic acid to neurons, 
and this is not inhibited by the erbstatin analog. The re- 
sponse to basic FGF and transfected CAMs, but not ara- 
chidonic acid, is inhibited by a DAG lipase inhibitor (RHC- 
80267), implicating the conversion of DAG to arachidonic 
acid in the signaling pathway (Williams et al, 1994b, 
1994c). The DAG lipase inhibitor can also fully inhibit the 
response induced by the L1-Fc chimera (Figure 6e). The 
response to basic FGF, transfected CAMs, and arachi- 
donic acid can be fully inhibited by a combination of N- 
and L-type calcium channel antagonists (Williams et al., 
1994b, 1994c). In the present study, we have found that 
the same combination of calcium channel antagonists (dil- 
t iazem at 10 I~M and co-conotoxin at 0.25 I~M) can also 
fully inhibit the response to the soluble L1-Fc chimera 
(Figure 6f). Previous studies have established that the tar- 
gets for these drugs reside in the neuronal cells and that 
none of the drugs~as  any general nonspecific effect on 
the ability of 3T3 m0nolayers to support basal neurite out- 
growth or neurite outgrowth stimulated by a variety of other 
agents (Williams et al., 1992, 1994a, 1994b, 1994c, 
1994d). Thus, we can conclude that neurite outgrowth 
stimulated by the L1-Fc chimera has the same pharmaco- 
logical characteristics as neurite outgrowth stimulated by 
direct activation of FGF receptors with basic FGF or CAMs 
expressed in a cellular substrate. 
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Figure 7. The Effect of Peptides from the FGFR-CHD on the Re- 
sponse Stimulated by the L1-Fc Chimera 
The response to the L1-Fc chimera was determined as in Figure 2 
and Figure 5 in control media or media supplemented with peptides 
derived from the CAM homology domain of the FGFR1 or FGFR2 (as 
indicated above; see text for details). The 31 amino acid peptides were 
added at 1 ~g/rnl, and the shorter peptides (a-c) at 500 pg/ml. These 
peptides have no effect on basal neurite outgrowth (data not shown; 
see Williams et al., 1994d). The percentage inhibition of the L1-Fc 
response was determined, and each value is the mean _+ SEM pooled 
from three independent experiments. 
Peptides Derived from FGF Receptors Inhibit 
the Response to the L1-Fc Chimera 
The FGF receptor contains a CAM homology domain 
(FGFR-CHD) that, over a 20 amino acid stretch, shows 
three regions of homology with sequences found in L1, 
N-CAM, and N-cadherin (Williams et al., 1994d). The 
stretch of 5 amino acids (151-VAPYW-155) found in the 
FGFR1 is highly conserved between all four FGF receptors 
and FGF receptors from different species. A homologous 
sequence (AAPYW) is found between the third and fourth 
immunoglobulin domains of L1 (from humans and mouse), 
Ng-CAM, and also Nr-CAM (see Hlavin and Lemmon, 
1991; Grumet et al., 1991). Peptides containing the se- 
quence spanning the CHD of the FG FR1 can inhibit neu rite 
outgrowth stimulated by transfected N-CAM, N-cadherin, 
and L1, whereas shorter peptides (derived from the FGFR1 
or FGFR2) that contain homology sequences for individual 
CAMs will only inhibit the response to that CAM (Williams 
et al., 1994d). 
In the present study, we found that, when added to cul- 
tures at 1 i~g/ml, a 31 amino acid peptide (PNRMP- 
VAPYWTSPEKMEKKLNAVPAAKTVKC) that spans the 
CH D of the FGFR1 (for details, see Williams et at., 1994d) 
can fully inhibit he neurite outgrowth response to the L1- 
Fc chimera (Figure 7a). As a control, a scrambled version 
of this peptide had no effect (Figure 7b). Similar results 
were obtained with the corresponding peptide derived 
from the FGFR3, which contains a GAPYW rather than a 
VAPYW motif (data not shown). Perhaps more interest- 
ingly, shorter peptides (derived from the FGFR2) could 
differentially inhibit the response to the L1-Fc chimera. 
At 500 i~g/ml, a peptide containing the L1 homology se- 
quence (SNNKRAPYWT) fully inhibited the response, 
whereas peptides derived from adjacent sequences of the 
FGFR2 (PYWTNTEKME and KMEKRLHAVPAAN) had no 
effect (Figures 7c-7e). These latter peptides very specifi- 
cally inhibit N-CAM and N-cadherin responses, respec- 
tively. These results confirm that APYW-containing pep- 
tides can act as very specific inhibitors of the neurite 
outgrowth response stimulated by cell-associated L1 (Wil- 
liams et al., 1994d) or a soluble L1-Fc chimera (this study). 
Discussion 
Cell-cell interactions mediated by cell adhesion mole- 
cules are required for many developmental events, includ- 
ing cell migration, axonal growth, and synaptic plasticity. 
An emerging view is that many CAMs affect neuronal func- 
tion by modulating the levels of second messengers rather 
than by directly changing adhesion per se (for review, see 
Doherty and Walsh, 1994). However, in some models, and 
in particular when growing neurons over high concentra- 
tions of an immobile CAM, an appropriate receptor-mediated 
adhesive interaction may suffice to allow for a permissive 
neurite outgrowth response (see Introduction). However, 
adhesion per se is likely to be all that is required for other 
CAM functions such as maintaining stable contacts be- 
tween cells. 
Three lines of evidence argue for a direct involvement 
of second messenger pathways in neuronal responses to 
CAMs. First, antibodies to CAMs, and in some instances 
soluble CAMs themselves, can trigger changes in the level 
of many second messengers in a variety of cell types 
(Schuch et al., 1989; Von Bohlen und Halbach et al., 1992). 
Second, neurite outgrowth stimulated by cell-associated 
CAMs can be inhibited and/or mimicked by a variety of 
pharmacological reagents that act downstream from the 
presumptive adhesion step (Doherty and Walsh, 1994). 
Third, there is no correlation between adhesion per se and 
neurite outgrowth, beyond the obvious requirement hat 
manifestation of a neurite outgrowth response requires 
a physical association between the neuronal cell body, 
neurite, and growth cone and an appropriate substrate 
(Gundersen, 1987; Lemmon et al., 1992). 
A large number of CAMs, including N-cadherin and R-cad- 
herin (Matsunaga et al., 1988; Redies and Takeichi, 1993), 
some isoforms of N-CAM (Doherty et al., 1990, 1992; Liu 
et al., 1993; Saffell et al., 1994), L1 (Williams et al., 1992), 
Po (Yazaki et al., 1991), MAG (Johnson et al., 1989), and 
the F3/F11 contactin glycoprotein (Gennarini et al., 1991), 
can all stimulate neurite outgrowth following transfection 
and expression in monolayer cells. In the case of N-CAM, 
N-cadherin, and L1, considerable evidence suggests that 
the neurite outgrowth response involves the direct or indi- 
rect activation of neuronal FG F receptors (Williams et al., 
1994d). A series of pharmacological studies suggest that 
the downstream events in this response require activation 
of PLC./to generate DAG, conversion of DAG by DAG 
lipase to arachidonic acid, and a direct stimulation by ara- 
chidonic acid of calcium influx into neurons via N- and 
L-type calcium channels (Williams et al., 1994a, 1994b, 
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1994c, 1994d). Calcium is recognized as a key second 
messenger controlling both the rate and direction of 
growth cone advance (reviews in Kater and Mills, 1991; 
Doherty and Walsh, 1994). However, changes in the 
steady-state level of calcium in the body of the growth 
cone are not necessary for a CAM response (Harper et 
al., 1994). This might be due to the fact that calcium enter- 
ing cells through membrane channels diffuses over an 
extremely small distance (reviewed in Kasai and Petersen, 
1994) and CAMs might therefore change calcium levels in 
the immediate vicinity of N- and L-type calcium channels, 
possibly in highly sensitive regions of the growth cone 
such as filopodia (e.g., Davenport et al., 1993). 
A difficult question to resolve is whether the ability of 
CAMs to modulate adhesion directly contributes in any 
way to the activation of the second messenger pathway 
that underlies the neurite outgrowth response. Evidence 
that this might not be the case has come from a study on 
the rat F3 glycoprotein. This molecule can promote neurite 
outgrowth following transfection and expression on the 
surface of CHO cells (Gennarini et al., 1991). However, 
this CAM can also promote neurite outgrowth when pre- 
sented to neurons as a soluble molecule, although the 
nature of the neuronal receptor and evidence for activation 
of classical second messenger pathways were not ob- 
tained (Durbec et al., 1992). In the present study, we chose 
to compare the functions of a soluble L1-Fc chimera and 
cell-associated L1 for their ability to promote neurite out- 
growth. Our results have clearly shown that, when pre- 
sented to neurons as a soluble molecule, the L1-Fc chi- 
mera is as effective as cell-associated L1 in promoting 
neurite outgrowth. We could find no evidence for a stable 
association between the L1-Fc chimera and the substrate 
underlying the response, suggesting that it functions as 
a soluble ligand for the neurons. 
It is clearly important o establish that, when presented 
as a soluble molecule, the L1-Fc chimera acts in a manner 
similar to that of cell-associated L1. In this context, a con- 
siderable body of evidence suggests that, consequential 
to homophilic binding, L1 stimulates neurite outgrowth by 
either directly or indirectly binding to and activating the 
FGF receptor in neurons (Williams et al., 1994d). The evi- 
dence for this includes the fact that direct activation of 
FGF receptors with basic FGF elicits a similar response 
(Williams et al., 1994c), and that neurite outgrowth stimu- 
lated by L1 and activation of the FGF receptor can be 
inhibited by a common set of well characterized pharmaco- 
logical reagents, including antibodies to the FGF receptor, 
an in hibitor of the FG F receptor tyrosine kinase activity (the 
erbstatin analog), an inhibitor of DAG lipase (RHC-80267), 
and agents that block calcium influx into neurons via 
N- and L-type calcium channels (Williams et al., 1994a, 
1994b, 1994c, 1994d). 
In the present study, we have further shown that pre- 
treatment of neurons with antibodies to L1, but not N-CAM, 
can fully inhibit he response to the soluble L1-Fc chimera. 
Again this suggests that homophilic binding triggers the 
response. The response can also be inhibited by pretreat- 
ing neurons with antibodies to the neuronal FGF receptor, 
and by a range of pharmacological reagents that inhibit 
specific steps downstream from activation of this receptor. 
We have also recently found that the FGF receptor and 
L1 share a small region of homology, and that peptides 
containing the homologous sequence (APYW) can very 
specifically inhibit neurite outgrowth stimulated by cell- 
associated LI. In the present study, we have extended 
these observations to the soluble L1-Fc chimera. We have 
no direct evidence as to how the peptides work, but they 
could conceivably inhibit the L1-Fc chimera binding to 
neuronal L1 and/or L1 binding to the FGF receptor (for 
details, see Williams et al., 1994d). Thus, all of the re- 
agents that inhibit neurite outgrowth stimulated by cell- 
associated L1 also inhibit the response to the L1-Fc 
chimera. We can therefore conclude that the neurite out- 
growth-promoting activity of L1 can be dissociated from its 
ability to act as a substrate-associated adhesion molecule, 
and this supports our postulate that cell-associated L1 pro- 
motes neurite outgrowth by directly or indirectly activating 
FGF receptors, rather than by modulating adhesion. We 
have recently shown that, when added as a soluble mole- 
cule in the experimental paradigm in which we cannot 
detect binding to the substrate, the L1-Fc chimera and 
basic FGF induce increases in tyrosine phosphorylation 
on a common set of neuronal proteins, including a doublet 
that shows reactivity with antibodies directed against the 
FGF receptor (Williams et al., 1994d). This response was 
obtained with neurons that had been in culture for 16 hr 
and was stable for at least 4 hr (the longest time point 
looked at; unpublished ata). Tyrosine phosphorylation of 
the FGF receptor is a hallmark of receptor activation, and 
the phosphorylation responses induced by both FGF and 
the L1-Fc chimera can be inhibited by pretreating neurons 
with antibodies to the FGF receptor. This provides direct 
evidence for the above postulate. 
In addition to answering the fundamental question con- 
cerning whether adhesion is required for a neurite out- 
growth response induced by L1, the results of the present 
study have implications for other important questions. L1 
can bind L1, TAG-1/axonin-1, and a variety of other mole- 
cules (see Introduction). At certain stages of development, 
many of the glycoproteins that bind to L1 exist as soluble 
molecules (Ruegg et al., 1989; Furley et al., 1990; Swead- 
ner, 1983). Thus, the clear demonstration that neuronal 
L1 can direct a neurite outgrowth response to a soluble 
molecule, and that it does so by directly or indirectly acti- 
vating FGF receptors, raises the possibility that it might 
subserve a similar function during normal development. 
The potential use of Fc chimeras as novel pharmaceuti- 
cals in the treatment of AIDS and inflammatory diseases 
has been discussed elsewhere (Hollenbaugh et al., 1992; 
Mulligan et al., 1993). The demonstration that a CAM-Fc 
chimera will promote neurite outgrowth when presented 
as a soluble molecule, and that it does so via the same 
mechanism as cell-associated CAMs, suggests that an 
evaluation of the therapeutic potential of this class of chi- 
meras in nerve repair is warranted. 
Experimental Procedures 
Cell Culture 
The 3T3 fibroblasts were established as monolayers for coculture by 
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culturing 80,000 cells in individual chambers of 8 chamber tissue cul- 
ture slides (Lab-Tek) that had been coated with polylysine (70,000- 
150,000 M, from Sigma at 17 ~g/ml in distilled H20 for 20-30 rain at 
room temperature) followed by fibronectin (from Sigma at 10 p.g/ml 
in Dulbecco's minimal essential medium [DMEM] for 2 hr at 37~C). 
Single-cell suspensions of postnatal day 4 rat cerebellar neurons were 
obtained as previously described (e.g., see Doherty et al., 1990). Co- 
cultures were established by seeding 3000 cerebellar neurons on con- 
fluent monolayers of 3T3 cells established by overnight culture. In 
some experiments 5000-6000 cerebellar neurons were seeded into 
wells coated with polylysine, followed by fibronectin (as above) or colla- 
gen (Vitrogen from Celtrix at 30 ~g/ml in DMEM for 2 hr at 37°C). 
The cultures were generally maintained for -16  hr in DMEM/SATO 
medium (Doherty et al., 1990) supplemented with 2% fetal calf serum 
(FCS) and various reagents as indicated. At this time the cultures 
were carefully fixed with 4% paraformaldehyde, permeabilized with 
methanol, and immunostained for GAP-43 as previously described 
(e.g., Williams et al., 1992). The average length of the longest neurite 
on each neuron was then measured with the aid of a Sight Systems 
Image Manager. 
Other Reagents 
Rabbit antibodies to rodent N-CAM, L1, and the CHD of the FGFR1 
that specifically block the function of N-CAM, L1, and FGF receptors 
have been described in detail elsewhere (e.g., Williams et al., 1992, 
1994d; Saffell et al., 1994). Briefly, neurons were treated for 60 rain 
at 37°C with a 1:200 dilution of anti-N-CAM or anti-FGF receptor anti- 
body, or 8 ilg/ml of purified immunoglobulins that react with L1 (a kind 
gift from Dr, Fritz Rathjen). The neurons were then diluted 40-fold and 
plated onto 3T3 monolayers, Control experiments clearly demon- 
strated that the residual concentration of antibody in the media does 
not block function of the antigen (e.g., Williams et al., 1994d). Diltiazem 
was obtained from Sigma and used at 10 pM. co-Conetoxin (0.25 ~M) 
and the erbstatin analog (10 i~g/ml) were obtained from Calbiochem 
and used at the given concentrations. RHC-80267, a specific inhibitor 
of DAG lipase, was obtained from Biomol and used at 50 I~M. A series 
of studies have established that these drugs act at very specific sites 
in neurons and that they have no nenspecific effects on the ability of 
neurons to extend neurites per se, or on the ability of 3T3 monolayers to 
support neurite outgrowth (e.g., Williams et al., 1994a, 1994b, 1994c, 
1 gg4d). 
Synthetic Peptides 
The FGF receptor family contains a CHD that, over a 20 amino acid 
stretch, contains three sequences that are homologous to sequences 
found in L1, N-CAM, and N-cadherin (for details, see Williams et al., 
1994d). A peptide corresponding to amino acids 146-175 of the FG FR 1 
that spans this domain was added to cultures at 1 i~g/ml. The sequence 
of this peptide was PNRMPVAPYWTSPEKMEKKLHAVPAAK'rVKC 
(with the terminal cysteine added for coupling). A scrambled version 
of this peptide was used as a control (TAVMSVKAKWPEPLYMVPAR- 
CTAPKMKPNEK). Three shorter peptides derived from the FGFR2:- 
CHD were added to cultures at 0.5 p_g/ml, and these were SNNKRA- 
PYWT (peptide a), PYWTNTEKME, (peptide b), and KMEKRLMAV- 
PAAN (peptide c). The full-length peptide inhibits neurite outgrowth 
stimulated by transfected L1, N-CAM, or N-cadherin. Peptide a inhibits 
the L1 response, peptide b inhibits the N-CAM response, and peptide 
c inhibits the N-cadherin response. None of the peptides inhibit basal 
neurite outgrowth over 3T3 monolayers (Williams et al., 1994d). 
CAM-Fc Chimeras 
A chimeric molecule consisting of the Fc region of human IgG (hinge 
CH2-CH3) and essentially the whole extracellular domain of human 
L1 was constructed using the pig1 vector (for details, see Simmons, 
1993). To produce an in-frame fusion with L1, the polylinker egion of 
pig1 was removed as a BamHI-Hindlll fragment and replaced with 
an oligonucleotide that contained the restriction sites Hindlll, EcoRI, 
and EcoRV, a splice donor site, and a BamHI site. The sequence 
between the EcoRV site and the splice donor signal was designed 
such that the L1 and the human IgG1 sequences would be in-frame 
once the L1 cDNA was cloned into the vector. The extracellular domain 
of L1 was obtained from pBSL1 (Reid and Hemperley, 1992) as a 3240 
bp SacI-EcoRI restriction fragment; the Sacl overhand was cut back 
with T4 polymerase to produce a blunt end before the EcoRI site was 
cleaved. This fragment was then inserted into the modified pig1 vector 
cut with EcoRI and EcoRV. The integrity of the new plasmid was 
checked by partial restriction analysis, and the DNA was used to trans- 
form Escherichia coil MC1061 cells. Plasmid DNA was prepared by 
standard alkaline lysis techniques and purified over two cesium chlo- 
ride gradients. The chimeric protein was isolated by affinity chromatog- 
raphy using protein A-sepharose following transient expression of 
plasmid DNA in COS-7 cells (according to methods described in Sim- 
mons, 1993). Under nonreducing conditions the chimeric molecule 
had an apparent molecular mass of - 400 kDa, and this was decreased 
to - 200 kDa under reducing conditions (data not shown). The L1-Fc 
chimera was capable of homophilic binding as determined by cova- 
sphere aggregation assays (P. D., unpublished data). A similar strat- 
egy was used to obtain chimeric molecules containing the Fc region 
of human IgG and the extracellular domain of M-cadhedn or the three- 
immunoglobulin variant of the FGFR1 (for details, see Williams et al., 
1994d). 
Affinity Coating of the L1-Fc Chimera 
to Tissue Culture Substrates 
For neurite outgrowth studies, individual wells of 6 chamber tissue 
culture slides were coated with polylysine (as above) followed by goat 
anti-human IgG (Fc-specific) at 10 lig/ml in DMEM for 60 rain at 37°C 
(obtained from Sigma). The wells were then incubated with DMEM/ 
SATO containing 2% FCS to block nonspecific binding sites. This was 
removed and replaced with 200 p.I of the L1-Fc chimera (at the given 
concentrations) diluted in DMEM/SATO containing 2% FCS. After a 
2 hr incubation, the wells were washed twice with DMEM. 
The relative coating of the L1-Fc chimera was monitored in individ- 
ual wells of 96 well microtitre plates coated as above, with the excep- 
tion that 50 I~1 of the L1-Fc chimera was added per well (to take into 
account the reduction in surface area). The binding was determined 
by standard ELISA assay using the Neuro 4 monoclonal antibody that 
reacts with the extracellular domain of the L1-Fc (for details, see Wil- 
liams et al., 1994d). In some experiments the anti-hu man Fc antibody 
step was omitted, and we could detect neither a neurite outgrowth 
response nor the binding of the L1-Fc to the substrate in these experi- 
ments, 
Binding of the L1-Fc to Other Substrates 
The ability of the L1-Fc chimera to associate stably with 3T3 cells or 
polylysine/collagen- or polylysine/fibronectin-coated substrates was also 
determined. In brief, confluent monolayers of 3T3 cells were estab- 
lished by seeding 20,000 3T3 cells into individual wells of a polylysine/ 
fibronectin-coated 96 well plate. Alternatively, wells were coated with 
polylysine/fibronectin or polylysine/collagen as described above, The 
L1-Fc chimera was added in tissue culture media at the given concen- 
trations for 12 hr. At this stage, the wells were washed three times 
with phosphate-buffered saline/bovine serum albumin, and the relative 
binding of the L1-Fc chimera was determined by standard ELISA 
assay as above. 
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